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2) thin ?lm before (---) and atter(_) UV curing for 10 minutes at 5 miilitorr. Note 
the decrease in absorption near 2900 cm '1and 1400 cm“, regions arising from OH and 
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3)Thin ?im before (---) and after ( ) UV curing for 5 minutes at ambient pressure 
under air. Note the decrease in absorption between 700-900 cm '1 and the increased 
absorptions near 3500 and 1600 cm-‘. 
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NON-THERMAL PROCESS FOR FORMING 
POROUS LOW DIELECTRIC CONSTANT 

FILMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of US. patent 
application Ser. No. 10/295,568, ?led Nov. 14, 2002, now 
US. Pat. No. 7,404,990 the disclosure of Which is incorpo 
rated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to the formation of 
porous ?lms. More speci?cally, the invention relates to 
porous materials and ?lms comprising same having a loW 
dielectric constant and methods for making same. 

There is a continuing desire in the microelectronics indus 
try to increase the circuit density in multilevel integrated 
circuit devices such as memory and logic chips to improve the 
operating speed and reduce poWer consumption. In order to 
continue to reduce the siZe of devices on integrated circuits, 
the requirements for preventing capacitive crosstalk betWeen 
the different levels of metalliZation becomes increasingly 
important. These requirements can be summariZed by the 
expression “RC”, Whereby “R” is the resistance of the con 
ductive line and “C” is the capacitance of the insulating 
dielectric interlayer. Capacitance “C” is inversely propor 
tional to line spacing and proportional to the dielectric con 
stant (k) of the interlayer dielectric (ILD). Such loW dielectric 
materials are desirable for use, for example, as premetal 
dielectric layers or interlevel dialectric layers. 
Undoped silica glass (SiOZ), subsequently referred to 

herein as “USG”, has been long used in integrated circuits as 
a primary insulating material because of its relatively loWer 
dielectric constant of approximately 4.0 compared to other 
inorganic materials. The industry has attempted to produce 
silica-based materials With loWer dielectric constants by 
incorporating organics or other materials Within the silicate 
lattice. For example, dielectric constants ranging from 2.7 to 
3 .5 can be achieved by incorporating terminal groups such as 
?uorine or methyl into the silicate lattice. These materials are 
typically deposited as dense ?lms (density~l.5 g/cm3) and 
integrated Within the IC device using process steps similar to 
those for forming USG ?lms. 

Since the dielectric constant of air is nominally 1.0, yet 
another approach to reducing the dielectric constant of a 
material may be to introduce porosity or reducing the density 
of the material. A dielectric ?lm When made porous may 
exhibit loWer dielectric constants compared to a relatively 
denser ?lm. 

Porosity has been introduced in loW dielectric materials 
through a variety of different means. For example, porosity 
may be introduced by decomposing part of the ?lm resulting 
in a ?lm having an increased porosity and a loWer density. 
Additional fabrication steps may be required for producing 
porous ?lms that ultimately add both time and energy to the 
fabrication process. Minimizing the time and energy required 
for fabrication of these ?lms is desirable; thus discovering 
materials that can be processed easily, or alternative processes 
that minimiZe processing time, is highly advantageous. 
A method used extensively in the literature for introducing 

porosity into a ?lm is thermal annealing to decompose at least 
a portion of the ?lm thereby creating pores and ultimately 
loWering the dielectric constant. In the annealing step, or 
curing step, the ?lm is typically heated to decompose and/or 
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2 
remove volatile components and substantially cross-link the 
?lm. US. Pat. No. 6,312,793 describes a multiphasic material 
having a ?rst phase consisting essentially of Si, C, O, and H, 
a second phase consisting essentially of C and H, and a 
multiplicity of pores. The material is heated to a temperature 
of at least 3000 C. and for a time of at least 15 minutes to 
induce removal of one of the phases. Published patent appli 
cation WO 00/02241 describes heating an alkoxysilane mate 
rial at a temperature from 100 to 400° C. for a time of 1 to 10 
minutes to induce formation of pores by removing the solvent 
contained therein. Published patent application WO 
02/07191A2 describes heating a silica Zeolite thin ?lm to a 
temperature range of 350 to 550° C. for an unspeci?ed 
amount of time to induce adsorbed material to leave the 
Zeolitic framework thereby loWering the dielectric constant. 
The majority of the aforementioned processes require cur 

ing steps at temperatures of 300° C. or higher and times of 30 
minutes or longer. A primary concern in the production of a 
loW dielectric ?lm may be the overall thermal budget of the IC 
device. Consequently, various components of IC devices such 
as Cu metal lines can only be subjected to processing tem 
peratures for short time periods before their performance 
deteriorates due to undesirable diffusion processes. 
An alternative to the thermal anneal or curing step is the use 

of ultraviolet (“UV”) light in combination With an oxygen 
containing atmosphere to create pores Within the material and 
loWer the dielectric constant. The references, HoZumi, A. et 
al. “LoW Temperature Elimination of Organic Components 
from Mesostructured Organic-Inorganic Composite Films 
Using Vacuum Ultraviolet Light”, Chem. Mater. 2000 Vol. 
12, pp. 3842-47 (“HoZumi I”) and HoZumi, A et al., “Micro 
pattterned Silica Films With Ordered Nanopores Fabricated 
through Photocalcination”, NanoLetters 2001,1(8), pp. 395 
399 (“HoZumi II”), describe removing a cetyltrimethylam 
monium chloride (CTAC) pore-former from a tetraethoxysi 
lane (TEOS) ?lm using ultraviolet (“VUV”) light (172 nm) in 
the presence of oxygen. The reference, Ouyang, M., “Con 
version of Some Siloxane Polymers to Silicon Oxide by 
UV/OZone Photochemical Processes”, Chem. Mater. 2000, 
12(6), pp. 1591-96, describes using UV light ranging from 
185 to 254 nm to generate oZone in situ to oxidiZe carbon side 
groups Within poly(siloxane) ?lms and form a SiO2 ?lm. The 
reference, Clark, T., et al., “A NeW Preparation of UV-OZone 
Treatment in the Preparation of Substrate-Supported Meso 
porous Thin Films”, Chem. Mater. 2000, 12(12), pp. 3879 
3884, describes using UV light having a Wavelength betWeen 
187 and 254 nm to produce oZone and atomic oxygen to 
remove organic species Within a TEOS ?lm. These tech 
niques, unfortunately, may adversely effect the resultant ?lm 
by chemically modifying the bonds that remain Within the 
material. For example, exposure of these materials to an oxi 
diZing atmosphere can result in the oxidation of the C atoms 
contained therein Which has an adverse effect on the dielectric 
properties of the material. 
US. Pat. No. 6,284,500 describes using UV light in the 230 

to 350 nm Wavelength range to photoinitiate cross-linking 
Within an organic polymer ?lm formed by CVD or an orga 
nosilsiquoxane ?lm formed by spin-on deposition to improve 
the adhesion and mechanical properties of the ?lm. The '500 
patent teaches that a thermal annealing step may be used to 
stabiliZe the cross-linked ?lm. 

Published US. patent application Ser. No. 2003/054115 
(the '115 application) teaches UV curing a porous dielectric 
material produced by CVD or spin-on deposition methods to 
produce a UV-cured porous dielectric material having an 
improved modulus and comparable dielectric constant. The 
'115 application demonstrates that UV exposure in an O2 
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atmosphere is more effective than UV exposure in a N2 atmo 
sphere. However, the '115 application also teaches that the 
UV cure can generate a notable amount of polar species in the 
porous dielectric materials. Further, the '115 application 
states that “in all cases a subsequent or possibly concomitant 
anneal step is necessary in order to remove the Si4OH bonds 
Which are typically generated during the UV curing process.” 
US. Pat. No. 6,566,278 teaches densifying a carbon 

doped, silicon oxide (SiCxOy) ?lm by exposing the ?lm to UV 
radiation. The carbon-doped silicon oxide ?lm is deposited 
via chemical vapor deposition of an oxygen-supplying gas 
and an organosilane silicon supplying gas. The ?lm is then 
exposed to UV radiation generated from an excited gas spe 
cies such as xenon, mercury, deuterium, or KrCI2. 

Accordingly, there is a need in the art to provide an 
improved method to produce loW density and porous materi 
als. There is also a need to provide a process for preparing a 
loW dielectric ?lm that does not inhibit the pore formation 
process. There is a further need to provide a method that is 
selective in removing certain material from a ?lm. Due to 
thermal budget concerns, there is an additional need for a loW 
temperature treatment for the production of porous ?lms for 
loW dielectric constant materials for integrated circuits. 

All references cited herein are incorporated herein by ref 
erence in their entirety. 

BRIEF SUMMARY OF THE INVENTION 

The present invention satis?es one, if not all, of the needs of 
the art by providing a process for forming a porous ?lm. 
Speci?cally, in one aspect of the present invention, there is 
provided a process comprising: forming a composite ?lm 
onto at least a portion of a substrate Wherein the composite 
?lm comprises at least one structure-forming material and at 
least one pore-forming material and exposing the composite 
?lm to one or more energy sources Within a non-oxidizing 
atmosphere for a time suf?cient to remove at least a portion of 
the at least one pore-forming material contained therein and 
provide the porous ?lm Wherein the porous ?lm is substan 
tially free of Si4OH bonds. 

In another aspect of the present invention, there is provided 
a process for preparing a porous ?lm comprising: forming a 
composite ?lm onto at least a portion of a substrate Wherein 
the composite ?lm comprises at least one structure-forming 
material and at least one pore-forming material; exposing the 
composite ?lm to one or more energy sources Within a non 

oxidiZing atmosphere for a time suf?cient to remove at least 
a portion of the at least one pore-forming material contained 
therein and provide the porous ?lm Wherein the porous ?lm is 
substantially free of SiiOH bonds; and treating the porous 
?lm With one or more second energy sources. 

In a still further aspect of the present invention, there is 
provided a process for preparing a porous ?lm comprising: 
forming a composite ?lm onto at least a portion of a substrate 
Wherein the composite ?lm comprises at least one structure 
forming material and at least one pore-forming material and 
exposing the composite ?lm to an ultraviolet light source 
Within a non-oxidiZing atmosphere for a time su?icient to 
remove at least a portion of the at least one pore-forming 
material contained therein and provide the porous ?lm 
Wherein a density of the porous ?lm is at least 10% less than 
a density of the ?lm prior to the exposing step. 

In yet a further aspect of the present invention, there is 
provided a process for preparing a porous ?lm comprising: 
forming a composite ?lm having a ?rst density onto at least a 
portion of a substrate Wherein the composite ?lm comprises 
at least one structure-forming material and at least one pore 
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4 
forming material and exposing the composite ?lm to an ultra 
violet light source Within a non-oxidizing atmosphere for a 
time su?icient to substantially remove the at least one pore 
forming material contained therein and provide the porous 
?lm having a second density Wherein the second density is at 
least 10 percent less than the ?rst density. 

In another aspect of the present invention, there is provided 
a chemical vapor deposition method for producing a porous 
?lm represented by the formula SivOWCxHyFZ, Where v+W+ 
x+y+Z:100%, v is from 10 to 35 atomic %, W is from 10 to 65 
atomic %, x is from 5 to 30 atomic %, y is from 10 to 50 
atomic %, and Z is from 0 to 15 atomic % comprising: pro 
viding a substrate Within a vacuum chamber; introducing into 
the vacuum chamber gaseous reagents including at least one 
structure-former gas selected from the group consisting of an 
organosilane and an organosiloxane, and a pore-former dis 
tinct from the at least one precursor gas; applying energy to 
the gaseous reagents in the vacuum chamber to induce reac 
tion of the gaseous reagents to deposit a composite ?lm on the 
substrate, Wherein the composite ?lm comprises at least one 
structure-forming material and at least one pore-forming 
material, and the preliminary ?lm is deposited Without added 
oxidants; and exposing the composite ?lm to an ultraviolet 
light source Within a non-oxidiZing atmosphere for a time 
suf?cient to substantially remove the at least one pore-form 
ing material contained therein and provide the porous ?lm 
comprising a plurality of pores and a dielectric constant of 2.7 
or less Wherein the porous ?lm is substantially free of Si4OH 
bonds. 

In yet a further aspect of the present invention, there is 
provided a porous ?lm having a dielectric constant of 2.7 or 
beloW. The porous ?lm is comprised of: at least one structure 
forming material consisting essentially of Si, C, H, O, and F; 
at least one pore-forming material consisting essentially of C 
and H and dispersed Within the structure-forming material; 
and a plurality of pores having an average siZe of about 100 
nm or less Wherein the plurality of pores are formed by 
removing at least a portion of the pore-forming material by 
expo sure to an ultraviolet light source Wherein the porous ?lm 
is substantially free of Si4OH bonds. 

In yet another aspect of the present invention, there is 
provided a mixture for depositing an organosilicate ?lm com 
prising a dielectric constant of 3.5 or beloW, the mixture 
comprising at least one structure-former precursor selected 
from the group consisting of an organosilane and an organo si 
loxane Wherein the at least one structure-former precursor 
and/or the organosilicate ?lm exhibits an absorbance in the 
200 to 400 Wavelength range. 

In an additional aspect of the present invention, there is 
provided a mixture for depositing an organosilicate ?lm com 
prising: from 5 to 95% of a structure-former precursor 
selected from the group consisting of an organosilane and an 
organosiloxane and from 5 to 95% of a pore-former precursor 
Wherein at least one of the precursors and/or the organosili 
cate ?lm exhibits an absorbance in the 200 to 400 nm Wave 
length range. 

These and other aspects of the invention Will become 
apparent from the folloWing detailed description. 

BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

FIGS. 1a through 10 provides an illustration of the various 
steps of one embodiment of the present invention Wherein the 
exposure to UV radiation energy results in the formation of 
pores Within the ?lm. 
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FIG. 2 provides an infrared spectrum of one embodiment 
of the ?lm of the present invention Wherein the pore-forming 
material of the ?lm is alpha-terpenine (ATRP) and the expo 
sure to UV radiation energy is conducted in a non-oxidizing 
environment. 

FIG. 3 provides an infrared spectrum of a comparative ?lm 
Wherein the pore-forming material of the ?lm is ATRP and the 
exposure to UV radiation energy is conducted in an oxidizing 
environment. 

FIGS. 4a and 4b provides the dielectric constant and 
refractive index versus UV exposure time for ?lms deposited 
using a DEMS structure-former precursor and anATRP pore 
former precursor under vacuum atmosphere (5 millitorr) and 
under nitrogen atmosphere, respectively. 

FIG. 5 provides the dielectric constant and hardness (GPa) 
versus UV exposure time for a ?lm deposited using a DEMS 
structure-former precursor and an ATRP pore-former precur 
sor under vacuum atmosphere (5 millitorr). 

FIG. 6 illustrates the changes in the IR absorption spectrum 
for Wavelengths ranging betWeen 700 and 1350 l/cm for a 
porous OSG glass ?lm deposited using a DEMS structure 
former precursor and an ATRP pore-former precursor upon 
UV expo sure under a vacuum atmosphere and for a duration 
ranging from 0 to 20 minutes. 

FIG. 7 provides the IR absorption spectrum for a porous 
OSG glass ?lm deposited using a DEMS structure-former 
precursor and an ATRP pore-former precursor after deposi 
tion and after exposure to UV light in a vacuum atmosphere 
for 1 minute and 15 minutes. 

FIGS. 8a, 8b, and 80 provide the dynamic SIMS depth of 
pro?le measurements of silicon, oxygen, hydrogen, and car 
bon for a porous OSG ?lm deposited using a DEMS structure 
former precursor and an ATRP pore-former precursor after 
deposition and after exposure to UV light in a vacuum atmo 
sphere for 1 minute and 15 minutes, respectively. 

FIG. 9 provides the UV/V absorption spectrum of the as 
deposited porous OSG glass ?lm deposited using a DEMS 
structure-former precursor and an ATRP pore-former precur 
sor and the UV/V absorption spectrum of an ATRP liquid. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is directed toWards the preparation of 
porous and loW density materials and ?lms. In one embodi 
ment of the present invention, there is provided a method for 
preparing a porous, loW dielectric ?lm that exhibits suf?cient 
mechanical properties, thermal stability, and chemical resis 
tance such as to oxygen or aqueous oxidiZing environments 
thereby making it suitable for use as an interlayer dielectric in 
integrated circuits. The present invention provides a process 
for preparing a porous ?lm from a composite ?lm containing 
at least one structure-forming material and at least one pore 
forming material. The composite ?lm is exposed to one or 
more energy sources to remove at least a portion, or more 

preferably substantially remove, the at least one pore-forming 
material contained therein. 

The composite material is preferably a ?lm that is formed 
onto at least a portion of a substrate. Suitable substrates that 
may be used include, but are not limited to, semiconductor 
materials such as gallium arsenide (“GaAs”), boronitride 
(“BN”) silicon, and compositions containing silicon such as 
crystalline silicon, polysilicon, amorphous silicon, epitaxial 
silicon, silicon dioxide (“SiO2”), silicon carbide (“SiC”), sili 
con oxycarbide (“SiOC”), silicon nitride (“SiN”), silicon car 
bonitride (“SiCN”), organosilicate glasses (“OSG”), orga 
no?uorosilicate glasses (“OFSG”), ?uorosilicate glasses 
(“FSG”), and other appropriate substrates or mixtures 
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6 
thereof. Substrates may further comprise a variety of layers to 
Which the ?lm is applied thereto such as, for example, anti 
re?ective coatings, photoresists, organic polymers, porous 
organic and inorganic materials, metals such as copper and 
aluminum, or diffusion barrier layers, e. g., TiN, Ti(C)N, TaN, 
Ta(C)N, Ta, W, WN, or W(C)N. The porous ?lms of the 
present invention are preferably capable of adhering to at 
least one of the foregoing materials suf?ciently to pass a 
conventional pull test, such as anASTM D3359-95a tape pull 
test. 

As mentioned previously, the composite ?lm comprises at 
least tWo materials: at least one structure-forming material 
and at least one pore-forming material. The at least one pore 
forming material may be dispersed Within the structure-form 
ing materials. The term “dispersed” as used herein includes 
discrete areas of pore-forming material, air-gap (i.e., rela 
tively large areas of pore-forming material contained Within a 
structure-forming shell), or bi-continuous areas of pore 
forming material. While not intending to be bound by theory, 
it is believed that the composite ?lm, When exposed to one or 
more energy sources, absorbs a certain amount of energy to 
enable its removal. Depending upon the energy source and the 
chemistry of the pore-forming material, the chemical bonds 
Within the pore-forming material may be broken thereby 
facilitating its removal. In this manner, the pore-forming 
material may be substantially removed from the composite 
?lm thereby leaving a porous ?lm that consists essentially of 
the structure-forming material. The resultant porous ?lm Will 
have a loWer density. In some embodiments, the resultant 
porous ?lm may also have a loWer dielectric constant than the 
composite ?lm. 

FIGS. 1a through 10 provide an illustration of one embodi 
ment of the method of the present invention. Referring to FIG. 
1a, composite ?lm 100 is formed upon at least a portion of a 
substrate 50. Composite ?lm 100 comprises at least tWo mate 
rials: at least one structure-forming material 110 and at least 
one pore-forming material 120 dispersed Within the structure 
forming material 110. In certain preferred embodiments, the 
structure-forming material 1 10 is an OSG compound contain 
ing primarily Si:O:C:H and the at least one pore-forming 
material 120 is an organic compound containing primarily 
CzH. In FIG. 1b, composite ?lm 100 is exposed to one or more 
energy sources such as ultraviolet light 130. In certain 
embodiments, the exposure step depicted in FIG. 1b may be 
conducted at one or more temperatures below 4250 C. and for 
a short time interval thereby consuming as little of the overall 
thermal budget of substrate 50 as possible. Referring noW to 
FIG. 10, the pore-forming material 120 is substantially 
removed from the composite ?lm 100 leaving a porous ?lm 
140. The resultant porous ?lm 140 may have a loWer dielec 
tric constant than the composite ?lm 100. 
The at least one structure-forming material of the compos 

ite ?lm comprises a compound or compounds that is capable 
of forming and maintaining an interconnecting netWork. 
Examples of these materials include, but are not limited to, 
undoped silicate glass (SiO2), silicon carbide (SiC) hydroge 
nated silicon carbide (SizCzH), silicon oxynitride (Si:O:N), 
silicon nitride (SizN), silicon carbonitride (SizCzN), ?uoro 
silicate glass (Si:O:F), organo?uorosilicate glass (Si:O:C:H: 
F), organosilicate glass (Si:O:C:H), diamond-like carbon, 
borosilicate glass (Si:O:BzH), or phosphorous doped boro 
silicate glass (Si:O:BzHzP). In certain preferred embodi 
ments, the structure-forming material comprises a silica com 
pound. The term “silica”, as used herein, is a material that has 
silicon (Si) and oxygen (0) atoms, and possibly additional 
sub stituents such as, but not limited to, other elements such as 
C, H, B, N, P, or halide atoms; alkyl groups; or aryl groups. In 
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certain preferred embodiments, the structure-forming mate 
rial may comprise an OSG compound represented by the 
formula SivOWCxHyFZ, Where V+W+X+y+Z:100%, V is from 
10 to 35 atomic %, W is from 10 to 65 atomic %, x is from 5 
to 30 atomic %, y is from 10 to 50 atomic % and Z is from 0 
to 15 atomic %. Regardless of Whether or not the structure 
former is unchanged throughout the inventive process, the 
term “structure-former” as used herein is intended to encom 
pass structure-forming reagents, precursors (or structure 
forming substituents) and derivatives thereof, in Whatever 
forms they are found throughout the entire process of the 
invention. 

The at least one pore-forming material of the composite 
?lm comprises a compound or compounds that is capable of 
being easily and preferably substantially removed from the 
composite ?lm upon exposure to one or more energy sources. 
The pore-forming material may also be referred to herein as a 
porogen. A “pore-former” is a reagent that is used to generate 
void volume Within the resultant ?lm. Regardless of Whether 
or not the pore-former is unchanged throughout the inventive 
process, the term “pore-former” as used herein is intended to 
encompass pore-forming reagents, precursors, (or pore 
forming substituents) and derivatives thereof, in Whatever 
forms they are found throughout the entire process of the 
invention. Suitable compounds to be used as the pore-forming 
material of the present invention include, but are not limited 
to, hydrocarbon materials, labile organic groups, solvents, 
decomposable polymers, surfactants, dendrimers, hyper 
branched polymers, polyoxyalkylene compounds, or combi 
nations thereof. In certain preferred embodiments of the 
present invention, the pore-forming phase comprises a C 1 to 
C 13 hydrocarbon compound. 
As mentioned previously, the materials of the present 

invention are formed into a composite ?lms onto at least a 
portion of a substrate from a precursor composition or mix 
ture using a variety of different methods. These methods may 
be used by themselves or in combination. Some examples of 
processes that may be used to form the composite ?lm include 
the folloWing: thermal chemical vapor deposition, plasma 
enhanced chemical vapor deposition (“PECVD”), high den 
sity PECVD, photon assisted CVD, plasma-photon assisted 
CVD, cryogenic chemical vapor deposition, chemical 
assisted vapor deposition, hot-?lament chemical vapor depo 
sition, CVD of a liquid polymer precursor, deposition from 
supercritical ?uids, or transport polymerization (“TP”). US. 
Pat. Nos. 6,171,945, 6,054,206, 6,054,379, 6,159,871 and 
WO 99/41423 provide some exemplary CVD methods that 
may be used to form the composite ?lm of the present inven 
tion. Other processes that can be used to form the ?lm include 
spin coating, dip coating, Langmuir-blodgett self assembly, 
or misting deposition methods. 

In certain preferred embodiments, the composite ?lm is 
formed from a mixture of one or more gaseous reagents in a 
chemical vapor deposition process. Although the phrase “gas 
eous reagents” is sometimes used herein to describe the 
reagents, the phrase is intended to encompass reagents deliv 
ered directly as a gas to the reactor, delivered as a vaporized 
liquid, a sublimed solid and/ or transported by an inert carrier 
gas into the reactor. In preferred embodiments of the present 
invention, the composite ?lm is formed through a PECVD 
process. Brie?y, gaseous reagents are ?oWed into a reaction 
chamber such as a vacuum chamber and plasma energy ener 
giZes the gaseous reagents thereby forming a ?lm on at least 
a portion of the substrate. In these embodiments, the compos 
ite ?lm can be formed by the codeposition, or alternatively the 
sequential deposition, of a gaseous mixture comprising at 
least one silica containing, preferably organosilicon material, 
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8 
that forms the structure-forming material With at least one 
plasma-polymeriZable organic material that forms the pore 
forming material. In certain embodiments, the plasma energy 
applied may range from 0.02 to 7 Watts/cm2, more preferably 
0.3 to 3 Watts/cm2. FloW rates for each of the gaseous reagents 
may range from 10 to 5000 standard cubic centimeters per 
minute (sccm). Pressure values in the vacuum chamber dur 
ing deposition for a PECVD process of the present invention 
may range from 0.01 to 600 torr, more preferably 1 to 10 torr. 
It is understood hoWever that process parameters such as 
plasma energy, ?oW rate, and pressure may vary depending 
upon numerous factors such as the surface area of the sub 
strate, the structure-forming and pore-forming materials to be 
formed, the equipment used in the PECVD process, etc. 

In a certain preferred embodiment of the present invention 
Wherein the composite ?lm consists essentially of Si, C, O, H, 
and F, the composite ?lm is formed by providing a substrate 
Within a vacuum chamber; introducing into the vacuum 
chamber gaseous reagents that comprises at least one struc 
ture-former gas selected from the group consisting of an 
organosilane and an organosiloxane, at least one precursor 
gas including a ?uorine-providing gas that may form at least 
a portion of the structure-former, and a pore-former distinct 
from the at least one precursor gas selected from the group 
consisting of an organosilane and an organosiloxane; and 
applying energy to the gaseous reagents in said chamber to 
induce reaction of the gaseous reagents and to form the ?lm 
on the substrate. Examples of gaseous reagents used as struc 
ture-forming and pore-forming precursors may be found in 
pending US. patent application Ser. Nos. 10/ 150,798 and 
10/ 137,807, Which are commonly assigned to the assignee of 
the present invention and incorporated herein by reference in 
its entirety. 

Silica-containing gases such as organosilanes and orga 
nosiloxanes may be the preferred precursor gases to form the 
structure-forming material of the chemical vapor deposited 
composite ?lm. Suitable organosilanes and organosiloxanes 
include, e.g.: (a) alkylsilanes represented by the formula 
RlnSiR24_n, Where n is an integer from 1 to 3; R1 and R2 are 
independently at least one branched or straight chain C1 to C8 
alkyl group (e.g., methyl, ethyl), a C3 to C8 substituted or 
unsubstituted cycloalkyl group (e.g., cyclobutyl, cyclohexyl), 
a C3 to C10 partially unsaturated alkyl group (e.g., propenyl, 
butadienyl), a C6 to C 1 2 substituted or unsubstituted aromatic 
(e.g., phenyl, tolyl), a corresponding linear, branched, cyclic, 
partially unsaturated alkyl, or aromatic containing alkoxy 
group (e.g., methoxy, ethoxy, phenoxy), and R2 is altema 
tively hydride (e.g., methylsilane, dimethylsilane, trimethyl 
silane, tetramethylsilane, phenylsilane, methylphenylsilane, 
cyclohexylsilane, tert-butylsilane, ethylsilane, diethylsilane, 
tetraethoxysilane, dimethyldiethoxysilane, dimeth 
yldimethoxysilane, dimethylethoxysilane, methyidiethox 
ysilane, triethoxysilane, trimethylphenoxysilane and phe 
noxysilane); (b) a linear organosiloxane represented by the 
formula R1(R22SiO)nSiR23 Where n is an integer from 1 to 10, 
or cyclic organosiloxane represented by the formula 
(RlR2SiO)n Where n is an integer from 2 to 10 and R1 and R2 
are as de?ned above (e.g., 1,3,5,7-tetramethylcyclotetrasilox 
ane, octamethylcyclotetrasiloxane, hexamethylcyclotrisilox 
ane, hexamethyidisiloxane, 1 ,1 ,2,2-tetramethyldisiloxane, 
and octamethyltrisiloxane); and (c) a linear organosilane oli 
gomer represented by the formula R2(SiRlR2)nR2 Where n is 
an integer from 2 to 10, or cyclic organosilane represented by 
the formula (SiR1R2)n, Where n is an integer from 3 to 10, and 
R1 and R2 are as de?ned above (e.g., 1,2-dimethyldisilane, 
1,1,2,2-tetramethyldisilane, 1,2-dimethyl-1,1,2,2 
dimethoxydisilane, hexamethyidisilane, octamethyltrisilane, 
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1,2,3,4,5,6-hexaphenylhexasilane, 1,2-dimethyl-1,2-diphe 
nyidisilane and 1,2-diphenyldisilane). In certain embodi 
ments, the organosilane/organosiloxane is a cyclic alkylsi 
lane, a cyclic alkylsiloxane, a cyclic alkoxysilane or contains 
at least one alkoxy or alkyl bridge betWeen a pair of Si atoms, 
such as 1,2-disilanoethane, 1,3-disilanopropane, dimethylsi 
lacyclobutane, 1,2-bis(trimethylsiloxy)cyclobutene, 1,1 
dimethyl-1-sila-2,6-dioxacyclohexane, 1,1-dimethyl-1-sila 
2-oxacyclohexane, 1,2-bis(trimethylsiloxy)ethane, 1,4-bis 
(dimethylsilyl)benZene, octamethylcyclotetrasiloxane 
(OMCTS), or 1,3-(dimethylsilyl)cyclobutane. In certain 
embodiments, the organosilane/organosiloxane contains a 
reactive side group selected from the group consisting of an 
epoxide, a carboxylate, an alkyne, a diene, phenyl ethynyl, a 
strained cyclic group and a C4 to C10 group Which can steri 
cally hinder or strain the organosilane/organosiloxane, such 
as trimethylsilylacetylene, 1-(trimethylsilyl)-1,3-butadiene, 
trimethylsilylcyclopentadiene, trimethylsilylacetate and di 
tert-butoxydiacetoxysilane. 

In certain embodiments, the at least one structure-forming 
material further comprises ?uorine. Preferred ?uorine-pro 
viding gases for a CVD-deposited composite ?lm lack any 
134C bonds (i.e., ?uorine bonded to carbon) that could end up 
in the ?lm. Thus, preferred ?uorine-providing gases include, 
e.g., SiF4, N133, F2, HF, SP6, CIF3, B133, BrF3, SP4, NF2Cl, 
FSiH3, F2SiH2, F3SiH, organo?uorosilanes and mixtures 
thereof, provided that the organo?uorosilanes do not include 
any FiC bonds. Additional preferred ?uorine-providing 
gases include the above mentioned alkylsilanes, alkoxysi 
lanes, linear and cyclic organosiloxanes, linear and cyclic 
organosilane oligomers, cyclic or bridged organosilanes, and 
organosilanes With reactive side groups, provided a ?uorine 
atom is substituted for at least one of the silicon substituents, 
such that there is at least one SiiF bond. More speci?cally, 
suitable ?uorine-providing gases include, e.g., ?uorotrimeth 
ylsilane, di?uorodimethylsilane methyltri?uorosilane, 
?urotriethoxysilane, 1,2-di?uoro- 1 ,1 ,2,2,-tetramethyidisi 
lane, or di?uorodimethoxysilane. 

In embodiments Where the composite ?lm is formed 
through a spin-on approach, the composite ?lm is formed 
from a mixture that comprises, inter alia, at least one struc 
ture-forming precursor, preferably a silica source, a pore 
forming precursor or pore-former, a catalyst, and Water. The 
mixture may further comprise a solvent and a surfactant. In 
brief, dispensing the mixture onto a substrate and evaporating 
the solvent and Water can form the composite ?lm. The sur 
factant, remaining solvent and Water, and pore-former are 
generally removed by exposing the coated substrate to one or 
more energy sources and for a time su?icient to produce the 
loW dielectric ?lm. In some instances, the composite ?lm may 
be pre-heated to substantially complete the hydrolysis of the 
silica source, continue the crosslinking process, and drive off 
any remaining solvent, if present, from the ?lm. 

In certain preferred embodiments, the mixture used to form 
the composite ?lm preferably comprises a silica source that 
may form the structure-forming material. A “silica source”, 
as used herein, is a compound having silicon (Si) and oxygen 
(0), and possibly additional substituents such as, but not 
limited to, other elements such as H, B, C, P, or halide atoms; 
alkyl groups; or aryl groups. The term “alkyl” as used herein 
includes straight chain, branched, or cyclic alkyl groups, pref 
erably containing from 1 to 24 carbon atoms, or more pref 
erably from 1 to 13 carbon atoms. This term applies also to 
alkyl moieties contained in other groups such as haloalkyl, 
alkaryl, or aralkyl. The term “alkyl” further applies to alkyl 
moieties that are substituted. The term “aryl” as used herein 
includes six to tWelve member carbon rings having aromatic 
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10 
character. The term “aryl” also applies to aryl moieties that 
are substituted. The silica source may include materials that 
have a high number of Si4O bonds, but can further include 
SiiOiSi bridges, SiiRiSi bridges, Si4C bonds, SiiF 
bonds, SiiH bonds or a portion of the material can also have 
CiH bonds. It is preferred that at least one silica source have 
a minimum of SiiOH bonds. Other examples of the silica 
source may include a ?uorinated silane or ?uorinated silox 
ane such as those provided in US. Pat. No. 6,258,407. 

Another example of a silica source may include com 
pounds that produce a SiiH bond upon removal of the pore 
forming material. 

Still further examples of the source are found in the non 
hydrolytic chemistry methods described, for example, in the 
references Hay et al., “Synthesis of Organic-Inorganic 
Hybrids via the Non-hydrolytic Sol-Gel Process”, Chem. 
Mater., 13, 3396-3403 (2001) or Hay, et al., “A Versatile 
Route to Organically-Modi?ed Silicas and Porous Silicas via 
the Non-Hydrolytic Sol-Gel Process”, J. Mater. Chem., 10, 
1811-1818 (2000). 
Yet another example of the silica source may include col 

loidal silica, fumed silica, or silicic acid starting materials. 
Still other examples of silica sources include silsesquiox 

anes such as hydrogen silsesquioxanes (HSQ, HSiOl_5) and 
methyl silsesquioxanes (MSQ, RSiOL5 Where R is a methyl 
group). 

Further examples of the suitable silica sources include 
those described in US. Pat. No. 6,271,273 and EP Nos. 
1,088,868; 1,123,753, and 1,127,929. In preferred embodi 
ments, the silica source may be a compound represented by 
the following: RaSi(ORl)4_a, Wherein R represents a hydro 
gen atom, a ?uorine atom, or a monovalent organic group; R1 
represents a monovalent organic group; and a is an integer of 
1 or 2; Si(OR2)4, Where R2 represents a monovalent organic 
group; or R3b(R4O)3_bSii(R7) diSi(OR5)3_cR6c, Wherein 
R3 to R6 may be the same or different and each represents a 
monovalent organic group; b and c may be the same or dif 
ferent and each is a number of 0 to 2; R7 represents an oxygen 
atom, a phenylene group, or a group represented by 
i(CH2)n-, Wherein n is an integer of 1 to 6; and d is 0 or 1; or 
combinations thereof. The term “monovalent organic group” 
as used herein relates to an organic group bonded to an ele 
ment of interest, such as Si or 0, through a single C bond, i.e., 
SiiC or OiC. 

In certain embodiments, the silica source may be added to 
the mixture as the product of hydrolysis and condensation. 
Hydrolysis and condensation of the silica source occurs by 
adding Water and a catalyst to a solvent and adding the silica 
source at a time, intermittently or continuously, and conduct 
ing hydrolysis and condensation reactions While stirring the 
mixture at a temperature range generally from —30 to 1000 C., 
preferably from 20 to 1000 C., for 0 to 24 hours. The compo 
sition can be regulated to provide a desired solid content by 
conducting concentration or dilution With the solvent in each 
step of the preparation. Further, the silica source may be a 
compound that generates acetic acid When hydrolyzed. 
The hydrolysis and condensation of the silica source can 

occur at any point during the formation of the composite ?lm, 
i.e., before adding to the mixture, after adding to the mixture, 
prior to, and/or during exposure to at least one energy source, 
etc. For example, in certain embodiments of the present 
invention, the one silica source is combined With the solvent, 
Water, and surfactant in a vessel and the catalyst is gradually 
added into the vessel and mixed. It is envisioned that a variety 
of different orders of addition to the mixture can be used 
Without departing from the spirit of the present invention. 
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The catalyst suitable for the present invention includes any 
organic or inorganic acid or base that can catalyZe the 
hydrolysis of substitutents from the silica source in the pres 
ence of Water, and/or the condensation of tWo silica sources to 
form a SiiOiSi bridge. The catalyst can be an organic base 
such as, but not limited to, quaternary ammonium salts and 
hydroxides, such as ammonium or tetramethylammonium, 
amines such as primary, secondary, and tertiary amines, and 
amine oxides. The catalyst can also be an acid such as, but not 
limited to, nitric acid, maleic, oxalic, acetic, formic, glycolic, 
glyoxalic acid, or mixtures thereof. In preferred embodi 
ments, the catalyst comprises nitric acid. 

Solvents that are suitable for the use in the present inven 
tion may include any solvents that exhibit solubility With the 
reagents. Solvents can be, for example, alcohol solvents, 
ketone solvents, amide solvents, or ester solvents. In certain 
embodiments the solvents may be a supercritical ?uid such as 
carbon dioxide, ?uorocarbons, sulfur hexa?uoride, alkanes, 
and other suitable multi-component mixtures, etc. In certain 
embodiments, one or more solvents used in the present inven 
tion have relatively loW boiling points, i.e., beloW 160° C. 
These solvents include, but are not limited to, tetrahydrofu 
ran, acetone, 1,4-dioxane, 1,3-dioxolane, ethyl acetate, and 
methyl ethyl ketone. Other solvents, that can be used in the 
present invention but have boiling points above 1600 C., 
include dimethylformamide, dimethylacetamide, N-methyl 
pyrrolidone, ethylene carbonate, propylene carbonate, glyc 
erol and derivatives, naphthalene and substituted versions, 
acetic acid anyhydride, propionic acid and propionic acid 
anhydride, dimethyl sulfone, benZophenone, diphenyl sul 
fone, phenol, m-cresol, dimethyl sulfoxide, diphenyl ether, 
terphenyl, and the like. Preferred solvents include propylene 
glycol propyl ether (PGPE), 3-heptanol, 2-methyl-1-pen 
tanol, 5-methyl-2-hexanol, 3-hexanol, 2-heptano, 2-hexanol, 
2,3-dimethyl-3-pentanol, propylene glycol methyl ether 
acetate (PGMEA), ethylene glycol n-butyl ether, propylene 
glycol n-butyl ether (PGBE), 1-butoxy2-propanol, 2-methyl 
3-pentanol, 2-methoxyethyl acetate, 2-butoxyethanol, 
2-ethoxyethyl acetoacetate, 1-pentanol, and propylene glycol 
methyl ether. Still further exemplary solvents include lac 
tates, pyruvates, and diols. Further exemplary solvents 
include those solvents listed in EP 1,127,929. The solvents 
enumerated above may be used alone or in combination of 
tWo or more solvents. 

The mixture used to form the composite ?lms of the present 
invention further comprises one or more pore-forming pre 
cursors that comprise the pore-forming material. In subse 
quent process steps, the pore-forming material is used to 
generate void volume Within the resultant porous ?lm upon its 
removal. The pore-former in the composite ?lm may or may 
not be in the same form as the pore-former Within the mixture 
and/ or introduced to the reaction chamber. As Well, the pore 
former removal process may liberate the pore-former or frag 
ments thereof from the ?lm. In essence, the pore-former 
reagent (or pore-former substituent attached to the precur 
sor), the pore-former in the composite ?lm, and the pore 
former being removed may or may not be the same species, 
although it is preferable that they all originate from the pore 
former reagent (or pore-former substituent). In certain 
embodiments of the present invention, the pore-former may 
be a hydrocarbon compound. Exemplary hydrocarbon com 
pounds may include at least one of the folloWing: 

a cyclic hydrocarbon having a cyclic structure and the 
formula CMHZM, Where n is 4 to 14, a number of carbons in the 
cyclic structure is betWeen 4 and 10, and the at least one cyclic 
hydrocarbon optionally contains a plurality of simple or 
branched hydrocarbons substituted onto the cyclic structure; 
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12 
a linear or branched, saturated, singly or multiply unsatur 

ated hydrocarbon of the general formula CnH(2n+2)_2y Where n 
is a number ranging from 2 to 20 and Where y is a number 
ranging from 0 to n; 

a singly or multiply unsaturated cyclic hydrocarbon having 
a cyclic structure and the formula CMH2WZX, Where x is a 
number of unsaturated sites, n is a number ranging from 4 to 
14, Wherein the number of carbons in the cyclic hydrocarbon 
ranges from 4 to 10, and the at least one singly or multiply 
unsaturated cyclic hydrocarbon optionally contains a plural 
ity of simple or branched hydrocarbons substituents substi 
tuted onto the cyclic structure, and contains endocyclic unsat 
uration or unsaturation on one of the hydrocarbon 

substituents; 
a one bicyclic hydrocarbon-having a bicyclic structure and 

the formula CnH2n_2, Where n is a number ranging from 4 to 
14, Wherein a number of carbons in the bicyclic hydrocarbon 
structure ranges from 4 to 12, and the at least one bicyclic 
hydrocarbon optionally contains a plurality of simple or 
branched hydrocarbons substituted onto the bicyclic struc 
ture; 

a multiply unsaturated bicyclic hydrocarbon having a bicy 
clic structure and the formula CnH2n_(2+2x), Where x is a 
number of unsaturated sites, n is a number ranging from 4 to 
14, Wherein a number of carbons in the multiply unsaturated 
bicyclic hydrocarbon structure is from 4 to 12, and the at least 
one multiply unsaturated bicyclic hydrocarbon optionally 
contains a plurality of simple or branched hydrocarbons sub 
stituents substituted onto the bicyclic structure, and contains 
endocyclic unsaturation or unsaturation on one of the hydro 
carbon substituents; and 

a tricyclic hydrocarbon having a tricyclic structure and the 
formula CnH2n_4, Where n is a number ranging from 4 to 14, 
Wherein a number of carbons in the tricyclic structure ranges 
from 4 to 12, and the at least one tricyclic hydrocarbon option 
ally contains a plurality of simple or branched hydrocarbons 
substituted onto the cyclic structure. 

Examples of the aforementioned compounds include, but 
are not limited to, alpha-terpinene, limonene, cyclohexane, 
gamma-terpinene, camphene, dimethylhexadiene, ethylben 
Zene, norbomadiene, cyclopentene oxide, 1,2,4-trimethylcy 
clohexane, 1,5-dimethyl-1,5-cyclooctadiene, camphene, 
adamantane, 1,3-butadiene, substituted dienes, gamma-ter 
pinene, alpha-pinene, beta-pinene, and decahydronaph 
thelene. 

In certain embodiments of the present invention, the pore 
former may include labile organic groups. When some labile 
organic groups are present in the reaction mixture, the labile 
organic groups may contain su?icient oxygen to convert to 
gaseous products during the cure step. In yet other embodi 
ments of the present invention, a ?lm is deposited via CVD 
from a mixture comprising the labile organic groups With a 
peroxide compound folloWed by thermal annealing. Some 
examples of compounds containing labile organic groups 
include the compounds disclosed in US. Pat. No. 6,171,945, 
Which is incorporated herein by reference in its entirety. 

In some embodiments of the present invention, the pore 
former may be a solvent. Solvents suitable for the present 
invention may be any of the solvents previously mentioned. In 
this connection, the solvent is generally present during at least 
a portion of the cross-linking of the matrix material. Solvents 
typically used to aid in pore formation have relatively higher 
boiling points, i.e., greater than 2000 C. 

In certain embodiments, the pore-former may be a small 
molecule such as those described in the reference Zheng, et 
al., “Synthesis of Mesoporous Silica Materials With 
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Hydroxyacetic Acid Derivatives as Templates via a Sol-Gel 
Process”, J. Inorg. Organomet. Polymers, 10,103-113 (2000). 

The pore-former could also be a decomposable polymer. 
The decomposable polymer may be radiation decomposable 
or thermally decomposable. The term “polymer”, as used 
herein, also encompasses the terms oligomers and/or copoly 
mers unless expressly stated to the contrary. Radiation 
decomposable polymers are polymers that decompose upon 
exposure to radiation, e.g., ultraviolet, X-ray, electron beam, 
or the like. Thermally decomposable polymers undergo ther 
mal decomposition at temperatures that approach the conden 
sation temperature of the silica source materials and are 
present during at least a portion of the cross-linking. Such 
polymers are that Which foster templating of the vitri?cation 
reaction, control and de?ne pore siZe, and decompose and 
diffuse out of the matrix at the appropriate time in processing. 
Examples of these polymers include polymers that have an 
architecture that provides a three-dimensional structure such 
as, but not limited to, block copolymers, i.e., diblock, tri 
block, and multiblock copolymers; star block copolymers; 
radial diblock copolymers; graft diblock copolymers; 
cografted copolymers; dendrigraft copolymers; tapered 
block copolymers; and combinations of these architectures. 
Further examples of degradable polymers are found in US. 
Pat. No. 6,204,202, Which is incorporated herein by reference 
in its entirety. 

The pore-former of the present invention could also com 
prise a surfactant. For silica sol-gel based ?lms in Which the 
porosity is introduced by the addition of surfactant that is 
subsequently removed, varying the amount of surfactant can 
vary porosity. Typical surfactants exhibit an amphiphilic 
nature, meaning that they can be both hydro philic and hydro 
phobic at the same time. Amphiphilic surfactants possess a 
hydrophilic head group or groups Which have a strong a?inity 
for Water and a long hydrophobic tail Which is organophilic 
and repels Water. The surfactants can be anionic, cationic, 
nonionic, or amphoteric. Further classi?cations of surfactants 
include silicone surfactants, poly(alkylene oxide) surfactants, 
and ?uorochemical surfactants. HoWever, for the formation 
of dielectric layers for IC applications, non-ionic surfactants 
are generally preferred. The surfactants used in the present 
invention may not behave in the traditional sense, i.e., to form 
micelles or act as surface active agents. Suitable surfactants 
for use in the mixture include, but are not limited to, octyl and 
nonyl phenol ethoxylates such as TRITON® X-114, X-102, 
X-45, X-15; alcohol ethoxylates such as BRIJ® 56 (C16H33 
(OCH2CH2)IOOH) (ICI), BRIJ® 58 (CI6H33(OCH2 
CH2)2OOH) (ICI), and acetylenics diols such as SUR 
FYNOLS® 465 and 485 (Air Products and Chemicals, Inc.). 
Further surfactants include polymeric compounds such as the 
tri-block EO-PO-EO co-polymers PLURONIC® L121, 
L123, L31, L81, L101 and P123 (BASF, Inc.). Still further 
exemplary surfactants include alcohol (primary and second 
ary) ethoxylates, amine ethoxylates, glucosides, glucamides, 
polyethylene glycols, poly(ethylene glycolco-propylene gly 
col), or other surfactants provided in the reference McCulch 
eon's Emulsl?ers and Detergents, North American Edition 
for the Year 2000 published by Manufacturers Confectioners 
Publishing Co. of Glen Rock, N]. 

The pore-former may be a hyper branched or dendrimeric 
polymer. Hyper branched and dendrimeric polymers gener 
ally have loW solution and melt viscosities, high chemical 
reactivity due to surface functionality, and enhanced solubil 
ity even at higher molecular Weights. Some non-limiting 
examples of suitable decomposable hyper-branched poly 
mers and dendrimers are provided in “Comprehensive Poly 
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14 
mer Science”, 2'” Supplement, AggarWal, pp. 71-132 (1996) 
Which is incorporated herein by reference in its entirety. 
The pore-former Within the ?lm-forming mixture may also 

be a polyoxyalkylene compound such as polyoxyalkylene 
non-ionic surfactants, polyoxyalkylene polymers, polyoxy 
alkylene copolymers, polyoxyalkylene oligomers, or combi 
nations thereof. An example of such is a polyalkylene oxide 
that includes an alkyl moiety ranging from C2 to C6 such as 
polyethylene oxide, polypropylene oxide, and copolymers 
thereof. 

In certain embodiments of the present invention, a single 
species of molecule may function as both the structure 
former and pore-former Within the composite ?lm. That is, 
the structure-forming precursor and the pore-forming precur 
sor are not necessarily different molecules, and in certain 
embodiments, the pore-former is a part of (e.g., covalently 
bound to) the structure-forming precursor. Examples of these 
materials may be found, for example, in pending US. patent 
applications Ser. Nos. 10/317,807 and 10/150,798, that are 
commonly assigned to the assignee of the present invention 
and incorporated herein by reference in its entirety. Precur 
sors containing pore-formers bound to them are sometimes 
referred to hereinafter as “porogenated precursors”. For 
example, the precursor neohexyl TMCTS may be used as 
both the stucture-former and pore-former precursor, Whereby 
the TMCTS portion of the molecule forms the base OSG 
structure and the bulky alkyl substituent neohexyl is the pore 
forming species Which is removed during the anneal process. 
In these embodiments, the attachment of the pore-former 
species attached to the Si species that can netWork into the 
OSG structure may be advantageous in achieving a higher 
ef?ciency of incorporation of pore-former into the ?lm during 
the deposition process. Furthermore, it may also be advanta 
geous to have tWo pore-formers attached to one Si in the 
precursor, such as in di-neohexyl-diethoxysilane, or tWo Si’ s 
attached to one pore-former, such as in 1,4-bis(diethoxysilyl) 
cylcohexane. While not intending to be bound by theory, the 
reaction of one Si-pore-former bond in the plasma may 
enable the the incorporation of the second pore-former group 
into the deposited ?lm. 

In certain embodiments of the materials in Which a single 
or multiple pore-former is attached to silicon, it may be 
advantageous to design the pore-former such as that When the 
?lm is cured to form the pores, a part of the pore-former 
remains attached to the silicon to impart hydrophobicity to 
the ?lm. The pore-former in a precursor containing Si-pore 
former may be chosen such that decomposition or curing 
leaves attached to the Si a terminal chemical group from the 
pore-former, such as a ‘CH3. For example, if the pore 
former neopentyl is chosen, it is believed that thermal anneal 
ing under the proper conditions may break the C4C bonds 
beta to the Si; it is the bond betWeen the secondary carbon 
adjacent to Si and the quaternary carbon of the t-butyl group 
that may be thermodynamically most favorable to break. 
Under proper conditions, it is believed that this Would leave a 
terminal iCH3 group bonded to the Si, as Well as provide 
hydrophobicity and a loW dielectric constant to the ?lm. 
Examples of such precursors include neopentyl triethoxysi 
lane, neopentyl diethoxy silane, and neopentyl diethoxym 
ethylsilane. 

In certain embodiments of the present invention, a chemi 
cal reagent such as a reducing agent may be added to the 
environment during the pore-former removal process. The 
chemical reagent may be added to enhance the removal of the 
one or more pore-forming materials from the composite ?lm. 
The composite ?lm is exposed to one or more energy 

sources to remove at least a portion, or more preferably sub 






















